Abstract-A study was conducted to determine the half-life (t 1/2 ), degradation rate, and metabolites of metolachlor in a watersediment system and in soil with and without switchgrass. Metolachlor degradation in a laboratory was determined in sediment from Bojac sandy loam soil incubated at 24ЊC. The study also was conducted in a greenhouse on tilted beds filled with Bojac soil and planted with switchgrass. In both experiments, samples were collected at days 0, 7, 14, 28, 42, 56, and 112 and analyzed for metolachlor and its major metabolites. The water-sediment oxidation-reduction potential took 28 d to reach Ϫ371 mV and the pH increased from 5.6 to 6.5 by the last sampling day (day 112). The average soil temperature of the tilted beds with or without switchgrass during the study was 21ЊC and the soil moisture content was 23% by volume. The t 1/2 of metolachlor was 34 d in sediment and 8 d in the water phase. The t 1/2 of metolachlor in soil from the switchgrass filter strip (6 d) was not different from that in soil without grass (9.6 d). The metolachlor metabolites ethanesulfonic acid (ESA) and oxanilic acid (OA) were detected in the water-sediment system and in soil from tilted beds. In both sediment and soil from tilted beds, the two metabolites peaked by day 56 of incubation and declined after that, indicating transformation to other products. In the water-sediment system, greater quantities of OA and ESA were detected in sediment than in the aqueous phase. The production of OA and ESA in the watersediment system occurred in the first 28 d, when the system was at an aerobic redox state. Metolachlor can degrade in sediment and the relatively high soil temperature and moisture level accelerated its breakdown in beds with and without switchgrass. Under warm and moist soil conditions, the presence of switchgrass has no effect on the degradation of metolachlor.
INTRODUCTION
Metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-metoxy-1-methylethyl) acetamide) is a preemergence, chloracetanilide herbicide widely used to control many annual grasses, broadleaf weeds, and yellow nutsedge in corn (Zea mays L.), soybean (Glycine max (L.) Merr), potatoes (Solanum tuberosum L.), and other crops. The widespread use of metolachlor has lead to the detection of the parent herbicide and its metabolites in streams, ponds, and wells [1] [2] [3] . It is estimated that approximately 1 to 5% of field-applied herbicides are removed by surface runoff [4] . Metolachlor can be transported out of treated fields dissolved in runoff, or move with runoff adsorbed to fine clay and silt particles. Sediment-bound metolachlor, once delivered to water bodies, will associate with the sediment. The majority of the metolachlor degradation studies have been conducted on agricultural soils [5] . The chemical and physical environments differ greatly between typical agricultural soils and sediments. Aquatic sediments tend to be less aerobic, can have prolonged reducing conditions, and experience less dramatic changes in temperature.
Presently, various in-field and edge-of-field best management practices are recommended to reduce the movement of metolachlor and its metabolites off-site. Vegetative filter strips are widely used to reduce the levels of herbicides and their metabolites in surface water. Several studies have shown that vegetative filter strips can reduce transport of herbicides, including metolachlor [6, 7] . Switchgrass (Panicum virgatum L.), a warm-season perennial grass, is widely adapted in North America and is well suited for use in filter strips because of its erect, stiff stem. Studies have shown that switchgrass filter strips are effective in removing sediment, nutrients, and herbicides such as metolachlor from runoff [8, 9] .
Limited information is available on the fate of herbicides in soils in vegetative filter strips. Degradation in filter strips can be affected by the soil type, moisture content, soil temperature, and the type of vegetation. Understanding the interaction among plants, rhizosphere communities, and organic chemicals could help the successful use of phytoremediation to clean pesticide-treated sites. Staddon et al. [10] reported that metolachlor degraded faster in soils with vegetation than without vegetation. Greater degradation of the herbicide isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea) was also shown in grass buffer soils that had a greater soil organic matter mineralization rate [11] .
Limited data are available on the degradation rate (k) and metabolite formation pattern of metolachlor in anaerobic water-sediment systems. Metolachlor ethanesulfonic acid (metolachlor-ESA) (2-[2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-2-oxoethanesulfonic acid) and metolachlor oxanilic acid (metolachlor-OA) (2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]oxoacetic acid) are two metolachlor metabolites that can be transported by runoff from agricultural fields. These two metabolites of metolachlor are frequently detected along with the parent herbicide in water bodies [1] . They are produced as a result of microbial degradation in soil and are reported to be more water soluble than the parent herbicide [5] .
Degradation rates and half-lives (t 1/2 s) for herbicides are important parameters in evaluating their fate in the environ-ment. In aerobic soils, sulfonation and formation of ESA are important degradation processes for metolachlor [12] . However, metolachlor is not readily degraded in aquatic environments [13] . The t 1/2 of metolachlor in a highly reducing, high organic matter wetland soil was reported to be 62 d and relatively small amounts of ESA and OA were produced [14] . Metolachlor ks have not been studied in low organic matter sediment systems. Information on the dissipation of metolachlor once it is retained within the soil of a vegetative filter strip also is needed to assess its fate in this important ecosystem. The objectives of this study were to determine the t 1/2 , k, and metabolites of metolachlor in a water-sediment system and switchgrass filter strip soil containing low organic matter levels.
MATERIALS AND METHODS

Degradation in a water-sediment system
Soil from the A horizon of Bojac sandy loam (coarse-loamy, mixed, thermic Typic Hapludults) was collected from the eastern shore of Virginia (USA) to prepare sediment for this study. The sediment was generated by wet sieving through a 53-m mesh screen. Excess solution was siphoned off and the water content of the sediment was determined. Particle size analysis [15] after sieving indicated that the sediment consisted of 22.5% clay and 77.5% silt. The sediment had a pH of 5.5 and 2.2% organic carbon.
Bojac sediment (750 g dry wt basis) was mixed with 525 ml of river water (Appomattox River, VA, USA) in a 2-L flask. The sediment slurry was mixed and 9.6 g of sediment (dry wt basis) was added to 125-ml Wheaton serum bottles (Millville, NJ, USA) in triplicate. The bottles were sealed with 20-mm crimp caps with rubber septa and incubated for one week at 24ЊC. A 1-ml aliquot of solution containing 4.8 g of metolachlor was injected into the serum bottles. Contents of the serum bottles were mixed on an orbital shaker at 200 rpm for 24 h and then placed in a water bath set at 24ЊC. Triplicate serum bottles were prepared for each sampling period of 0, 7, 14, 28, 42, 56, and 112 d. Headspace gas was replaced weekly with nitrogen for the duration of the study. Three serum bottles containing soil were fitted with either an Ag-AgCl combination pH electrode or a combination redox electrode or a waterresistant thermometer. These electrodes were maintained throughout the study. At each sampling time the redox potential, pH, and soil temperature were measured with these permanently installed electrodes. Triplicate serum bottles were removed at each sampling period and stored at Ϫ18ЊC until herbicide extraction and analysis.
Serum bottle samples were thawed for 4 h and contents were decanted into 50-ml Teflon centrifuge tubes. The serum bottles were then washed with 10 ml of deionized water. The wash was added to the original content and then centrifuged at 4,500 rpm (6000 g) for 20 min. The aqueous portion was decanted and saved for solid-phase extraction. Sediment samples were sequentially extracted three times with 20 ml of a methanol:water mixture (4:1, v/v) and adjusted to pH 3 with acetic acid. At each of the three steps, the mixture was shaken for 45 min and centrifuged at 3,000 g with Marathon 22k centrifuge (Fisher Scientific, Pittsburg, PA, USA). The supernatants from the three extractions were combined and volumes were reduced to 8 ml under a stream of nitrogen. The samples were diluted to 20 ml with deionized water before loading to the C 18 solid-phase cartridges.
The C 18 cartridges (Whatman solid-phase extraction 500 mg, Clifton, NJ, USA) were conditioned sequentially with 3 ml each of methanol, ethyl acetate, methanol, and distilled water. The samples were then passed through the cartridges under vacuum and cartridges were dried by pulling air. Metolachlor was eluted with 2 ml of ethyl acetate and then analyzed on the gas chromatograph with an electron-capture detector (ECD) as described below. The same cartridges were eluted again with 2 ml of methanol to remove ESA and OA. The methanol was dried under a stream of nitrogen and the samples were suspended in 1 ml of high-performance liquid chromatography solvent consisting of methanol:10 mM sodium phosphate (40:60, v/v, pH 7). As an internal standard, 2,4-dichlorophenoxyacetic acid (Aldrich Chemical, Milwaukee, WI, USA) was added at 1 g/ml and then analyzed on the high-performance liquid chromatograph as described below. The 2-l ethyl acetate eluate samples were analyzed by using an Agilent 6890N gas chromatograph equipped with an electron-capture detector (Agilent, Palo Alto, CA, USA). Samples were injected into an HP-5 column (30 m, 250-m diameter, 0.25-m film thickness, Hewlett-Packard, Avondale, PA, USA) in splitless mode (injector inlet temperature, 250ЊC) with He as carrier gas at a flow rate of 1.1 ml/min at a constant pressure of 15 psi. A temperature ramp was used such that the initial temperature of 80ЊC was held for 1 min after injection, increased to 220ЊC at the rate of 4ЊC/min and held for 4 min, and finally increased to 310ЊC at 60ЊC/min and held for 3 min. The detector temperature was heated to 335ЊC. The retention time for metolachlor was 6.7 min and its detection limit was 90 g/L.
Concentrations of the two metabolites (ESA and OA) in the methanol eluate samples were determined by using highperformance liquid chromatography with a Waters System consisting of a model 600 pump control module, a model 996 photo diode array detector, and a model 717ϩ autosampler (Waters, Milford, MA, USA). All instrumentation and data collection were controlled by using Waters Millennium Version 4.0 software (Waters). Samples of 30 l were injected onto a Keystone Hypersil (250 ϫ 4.6 mm, 3 m, Analytical Sales and Service, Mahwah, NJ, USA) coupled to a Waters Nova-Pak C 18 column (3.9 ϫ 150 mm, 60 Å , 4 m) and the chromatography was monitored at 204 nm. The chromatography was conducted at 60ЊC under isocratic conditions by using methanol:10 mM sodium phosphate (40:60, v/v, pH 7) conducted at a flow rate of 1.2 ml/min.
Degradation in tilted beds
The tilted beds used in this study were described previously [9, 16] . The beds were constructed from aluminum and were 34 cm deep with a 0.9 ϫ 2-m surface area. Tilted beds were placed in a greenhouse and were supported on concrete blocks that rested on a concrete pad. The slope was adjusted by placing metal bars with the desired thickness between the bed and concrete blocks. In this study, tilted beds were all set at 1% slope.
The A horizon of the Bojac sandy loam soil was collected from the top 30 cm of a field with no history of pesticide application. Particle size analysis [15] indicated that the A horizon consisted of 70% sand, 24% silt, and 6% clay. The soil contained 1.8% organic carbon, as determined by the Walkley-Black procedure [17] , and 4.5 cmol c /kg cation-exchange capacity, as determined by using methods described by Sparks et al. [18] . All beds were packed by adding soil in 10-cm-deep increments and then compacting to 1.56 Ϯ 0.02 g/cm 3 , which was approximately field bulk density. Lime and fertilizer were incorporated in the top 10 cm of the beds at the time of packing. The soil pH after liming was 6.4 in a 1:1 soil:water slurry. Soil moisture was determined by using a water content reflectometer (model CS616, Campbell Scientific, Logan, UT, USA) and temperature was measured with a water-soil temperature sensor (model 108L, Campbell Scientific). Both sensors were permanently installed in the beds at the time of soil packing. Both moisture and temperature were monitored every hour by using a CR10 data logger (Campbell Scientific). The readings were averaged for every 24-h period. Triplicate beds were set up for each treatment, including beds with and without switchgrass.
After packing, all beds were saturated from the bottom up by connecting a 100-L tank filled with water to the bottom drain with plastic tubing. It took several days to bring the beds to field capacity. Soil was then allowed to drain and a known amount of soil was added and leveled as it settled. The beds were watered to obtain uniform moisture content throughout the soil profile. Switchgrass variety Blackwell at 22 kg/ha was seeded to selected beds in March. The amount of seed used per bed was 4 g. The tilted beds were watered as necessary by using an overhead sprinkler system. Runoff containing metolachlor was applied by using a 200-L stainless steel tank attached to a pump, adjustable flow controller, and a level-lip spreader that produced a sheet flow on the upper end of the beds. The tank was filled with 82 L of water containing commercially formulated metolachlor at a concentration of 5 mg/ L. When switchgrass was 15 to 20 cm tall, the metolachlor solution was introduced from the tank to the upslope end of beds. The stock solution in the tank was continuously agitated by using a motorized stirrer and was applied to the beds at a flow rate of 2.7 L/min.
During the runoff simulation, water samples were taken directly from the spreader to determine the concentration of metolachlor applied. After runoff application, each bed was divided into three zones, 0 to 67 cm, 67 to 133 cm, and 133 to 200 cm from the upslope end of the soil bed. Soil was sampled by using a 2.5-cm probe at three random sites from each zone at 0, 7, 14, 28, 42, 56, and 112 d. The soils were frozen at Ϫ20ЊC until analysis for metolachlor and its metabolites. Soil samples were thawed and 15 g (dry wt basis) were extracted three times with a 20-ml methanol:water mixture (4: 1, v/v) adjusted to pH 3 with acetic acid. Suspensions were shaken for 45 min and centrifuged at 4,500 rpm (6,000 g) for 30 min. Supernatants were combined, dried, extracted by using C 18 solid-phase cartridges, and analyzed for metolachlor and its metabolites as described above for the water-sediment system. Soil samples from each zone and depth (total of six samples) were analyzed separately and then averaged for each bed.
Statistics
Three replications were conducted for both the water-sediment study (serum bottles) and greenhouse experiment (beds with or without switchgrass). Data were subjected to analysis of variance by using SAS (Statistical Analysis System, Cary, NC, USA). Linear regressions were applied to the data to determine k values and t 1/2 s in either log concentrations or concentration versus time plots. Confidence intervals at the 95% probability level were calculated for herbicide t 1/2 s.
RESULTS AND DISCUSSION
Degradation in a water-sediment system
The redox potential in sediment at the start of the study was 400 mV, and declined to Ϫ55 mV within three weeks and then to Ϫ374 mV after 30 d (Fig. 1) . For the first three weeks, the sediment was aerobic or mildly anaerobic. The sequential biological reduction of electron acceptors starting with O 2 Ϫ followed by NO 3 Ϫ , Mn 4ϩ , Fe 3ϩ , SO 4 2Ϫ , and CO 2 [19] took almost 30 d. After 30 d, anaerobic and strongly reducing conditions were established. Such reducing conditions would be similar to those at the bottoms of shallow lakes, ponds, and other water bodies. The pH of the sediment was 5.6 at the start of the study and slowly increased to 6.5 over the 112-d study period (Fig. 1) . This is typical of reduction reactions, which consume H ϩ , and increase pH toward 7. The redox values decreased, whereas the pH values increased steadily (Fig. 1) .
The dissipation of metolachlor in the water-sediment system is shown in Figure 2a . Initial concentrations of metolachlor are much greater in the sediment than in the aqueous phase. Metolachlor partitioned to sediment during the 24-h equilibration period on the shaker before the start of the experiment. The amount of time it took for 50% of metolachlor to disappear (t 1/2 ) from sediment was 34 d, whereas in the aqueous phase it took 8 d ( Table 1 ). The rate of metolachlor dissipation was significantly faster in the water phase than in the sediment that was initially aerobic but was under anaerobic conditions after about day 28 of incubation. The loss of metolachlor from the aqueous phase was the result of degradation and partitioning to the sediment below it. At the last day of sampling (day 112), about 31% of the applied metolachlor remained on sediment.
A greater concentration of metolachlor-OA than metolachlor-ESA was detected in both sediment and the aqueous phase during the first 42 d of incubation (Fig. 2b and c) . In sediment, less than 5.2 g/kg (Ϯ1.6 g/kg) of ESA was de- tected, whereas OA peaked at 29.9 g/kg (Ϯ6.1 g/kg) on day 42 of sampling. In the aqueous phase, ESA increased up to 11.7 g.L (Ϯ0.3 g/L) and OA increased up to 13.9 g/L (Ϯ1.1 g/L). After 28 d of incubation, the OA concentration declined, whereas ESA remained the same until the end of the study. One of the detoxification processes for metolachlor involves conjugation with the tripeptide glutathione mediated by glutathione-S-transferase [20] . After subsequent degradation and oxidation this glutathione-S-transferase-mediated conjugation yields OA and ESA. Because the formation of OA and ESA requires an oxidation step, these metabolites can only form within the first 30 d in this study. As shown in Figure 2b and c, almost all of the detected ESA and OA were produced in the first 28 d of the incubation period. After that, OA declined sharply in both sediment and aqueous phases. It is possible that OA could be degrading further to other breakdown products. In the case of ESA, minimal amounts were produced in soil, whereas in water ESA steadily increased until day 28 of sampling and remained at that concentration for the duration of the study.
Metolachlor degradation in soils with and without vegetation
During most of the study period, soil temperature remained around 25ЊC. At the start of the study, beds with or without switchgrass had similar moisture content (23% by volume). A surface cover of live plants or crop residue can help maintain larger infiltration rates by reducing compaction from the impact of the sprinkler drops, crusting, and water evaporation [21] .
Metolachlor degraded relatively fast in beds with and without switchgrass (Table 1 and Fig. 3a) . No significant difference was found in the t 1/2 of metolachlor between beds with switchgrass (6.0 Ϯ 1.8 d) and beds without switchgrass (9.6 Ϯ 4.1 d). Under field conditions, the t 1/2 of metolachlor was 10 and 23 d for soils from vegetated and nonvegetated buffer strips, respectively [10] . In another study, atrazine and metolachlor degradation were greater in soil collected from areas vegetated with kochia (Kochia scoparia (L.) Schrader) than in soil from nonvegetated areas [22] . The rhizosphere, the region immediately surrounding the root of the plant, serves as an enrichment zone for increased growth of certain microorganisms that can transform herbicides. Switchgrass roots in this study did not significantly enhance the breakdown of metolachlor compared to soil from nonvegetated beds. Similar amounts of the applied metolachlor were detected in soil with (8%) and without (9.8%) switchgrass on the last day of sampling (day 112).
The average soil temperature was 21.6ЊC. Walker and Brown [23] reported that in a sandy-loam soil with a temperature of 25ЊC, the t 1/2 of metolachlor was 24 d at 12% moisture, 20.9 d at 15% moisture, and 80.6 at 6% moisture content. Braverman et al. [24] reported that the t 1/2 of metolachlor decreased as temperature increased.
The maximum concentration of OA detected in soil from beds with and without switchgrass was 12 g/kg (Ϯ1 g/kg; Fig. 3b ). More OA was detected in beds with switchgrass than without the grass at days 14, 28, and 42 of sampling. No difference was found between beds with and without grass at days 7, 56, and 112 of sampling. Concentrations of OA increased until day 56 of sampling and declined thereafter until day 112. Minimal amounts of ESA (Ͻ12 Ϯ 0.2 g/kg) were detected in soil from beds without switchgrass (Fig. 3c) . The amounts detected in beds with switchgrass also were low up to day 42 of incubation but increased to 11.8 g/kg (Ϯ1.2 g/ kg) at day 56 and declined after that.
Both ESA and OA peaked at day 56 of sampling and declined after that in beds both with and without switchgrass. Both metabolites possibly could be breaking down to other products or possibly are being mineralized. Less than 12 g/ kg (Ϯ0.2 g/kg) of either OA or ESA was detected from beds with and without switchgrass (Fig. 3b and c) . Such low detection could be the result of leaching out of the tilted beds as soon as the metabolites are formed. The degradation of metolachlor to ESA and OA results in the removal of a chlorine atom and formation of a sulfonic acid derivative that is more water soluble than the parent compound. In an experiment with soil cores, ESA was detected as far down as 75 to 90 cm below the surface in concentrations ranging from less than 0.5 g/L to 50 g/L [25] . Switchgrass also possibly absorbs ESA and OA. A previous study [26] reported that ESA produced from propachlor in soil was taken up by soybean plants and the metabolite was not present in treated plants grown under hydroponic culture. This suggests that the final step in the formation of the ESA derivative occurs in soil and was taken up by roots rather being produced in plants.
CONCLUSION
Data on the dissipation of metolachlor in water-sediment systems are key to assessing the potential impact of metolachlor on aquatic ecosystems. Information on the degradation of metolachlor in vegetative filter strips also is essential to evaluate fate of the herbicide once retained in soil of vegetative filter strips. Highly reducing conditions in the water-sediment system were reached after 30 d of incubation and the pH increased from 5.6 to 6.5 by the end of the study. Under these conditions, the t 1/2 of metolachlor was 34 d in the sediment and 8 d in the aqueous phase. Greater concentrations of the two metolachlor metabolites (ESA and OA) were detected in the sediment than in the aqueous phase. The t 1/2 of metolachlor in switchgrass filter strips (6 d) was not different from that in soil without the grass (9.6 d). The relatively warm (average of 21ЊC) and moist (average of 23% by volume) soil caused the rapid degradation of metolachlor in beds with or without switchgrass. Minimal amounts of ESA and OA were detected in the tilted beds because they were probably leached out of the soil. In both water-sediment and filter strips, ESA and OA peaked by day 56 of sampling and declined after that, indicating their transformation to other products. Results indicate that metolachlor can degrade under aerobic-anaerobic conditions and is very short-lived in consistently moist and warm conditions.
